The phenotypic properties of representatives of the five genetic classes of pleiotropic-negative sporulation mutants have been investigated. Protease production, alkaline and neutral proteases, was curtailed in spoA mutants, but the remainder of mutant classes produced both proteases, albeit at reduced levels. Sporulation may be viewed as the end product of the differential expression of genetic material. Two of the focal points in sporulation, or for that matter in any discernable morphological process, are what are the events that trigger the transition into this new morphological entity and how is this programmed at the genetic level? Five genetically distinct classes of pleiotropic-negative sporulation mutants have been described (13), and these classes are unique in terms of sporulation mutants because all of them are blocked very early in the transition period from the cell to the spore. The biochemical events associated with this transition period have been the subject of some recent reviews (4, 7, 20) . The pleiotropic mutants lose most or all of the known biochemical events associated with sporulation. Included in these are extracellular proteases, antibiotics, and the absence of any morphological structures resembling spores (14, 24) . In this manuscript we further characterize the representatives of each genetic group of mutation and show that the amount of pleiotropy exhibited by the mutant is a function of the genetic position of that mutation on the chromosome. In addition, a comparative analysis of structural components of the most pleiotropic class of mutants and its sporulating parent is presented.
The spoA and spoB mutants plaqued 02 and 015 at high efficiency, but the efficiency of plating of these phages on spoE, spoF, and spoH mutants was drastically reduced. Antibiotic was produced by the spoH mutants and to a degree by some spoF mutants, but the other classes did not produce detectable activity. The spoA mutants were less responsive to catabolite repression of histidase synthesis by glucose than was the wild type. Severe catabolite repression could be induced in spoA mutants by amino acid limitation, suggesting that the relaxation of catabolite repression observed is not due to a defect in the mechanism of catabolite repression. Although others have shown a perturbation in cytochrome regulation in spoA and spoB mutants, the primary dehydrogenases, succinate dehydrogenase and reduced nicotinamide adenine dinucleotide dehydrogenase, leading to these cytochromes are unimpaired in all mutant classes. A comparison of the structural components of cell walls and membranes of spoA and the wild type is made. The pleiotropic phenotypes of these mutants are discussed.
Sporulation may be viewed as the end product of the differential expression of genetic material. Two of the focal points in sporulation, or for that matter in any discernable morphological process, are what are the events that trigger the transition into this new morphological entity and how is this programmed at the genetic level? Five genetically distinct classes of pleiotropic-negative sporulation mutants have been described (13) , and these classes are unique in terms of sporulation mutants because all of them are blocked very early in the transition period from the cell to the spore. The biochemical events associated with this transition period have been the subject of some recent reviews (4, 7, 20) . The pleiotropic mutants lose most or all of the known biochemical events associated with sporulation. Included in these are extracellular proteases, antibiotics, and the absence of any morphological structures resembling spores (14, 24) . In this manuscript we further characterize the representatives of each genetic group of mutation and show that the amount of pleiotropy exhibited by the mutant is a function of the genetic position of that mutation on the chromosome. In addition, a comparative analysis of structural components of the most pleiotropic class of mutants and its sporulating parent is presented.
MATERIALS AND METHODS
Pleiotropic phenotypes. The characterization of the mutant strains as to qualitative protease production, antibiotic synthesis, sporulation, colony size, and morphology has been described previously (24) .
The test for sensitivity to bacteriophages 02 and 015 has also been described before (12, 14) .
Determination of enzymatic activities. Quantitation of the proteolytic activity excreted by the different mutant strains and the differentiation of alkaline and neutral activity by ethylenediaminetetraacetic acid (EDTA) have been described before (11 The assay of histidase was by a procedure modified from that of Hartwell and Magasanik (9) . A 2-ml amount of cell culture was removed at the specified times and vigorously shaken with 0.5 ml of toluene for 30 s. Toluenized cells (0.5 ml) were then added to a reaction mixture containing 0.1 ml of 40 mg L-histidine per ml, 0.1 ml of 1.0 M bicarbonate buffer (pH 9.4), and 0.3 ml of water. After incubation for 5 h at 30 C, the reaction was terminated by the addition of 0.3 ml of' 12% perchloric acid. After removal of cell debris by centrifugation, absorbance was determined at 268 nm on a Zeiss spectrophotometer. In all determinations, control values were obtained by adding 12% perchloric acid prior to incubation and subtracting this value from that of the incubated samples. Specific activity was calculated by using a molar extinction coefficient of 18,800 for the urocanic acid formed. One unit of histidase activity was defined as the production of 1 nmol of urocanic acid per min. The optical density of the culture at the time of toluenization was used as an indication of the amount of protein present. The validity of this assumption and the linearity of the assay under these conditions have been determined previously (9) .
Isolation of cell walls. Mid-log-phase cells in Spizizen minimal media supplemented with 0.5% glucose, 0.01% acid-hydrolyzed casein, and 20 ,ug each of tryptophan and phenylalanine per ml were harvested by centrifugation in a Sharples super centrifuge and frozen at -20 C until needed.
Portions (10 g) of cells were thawed slowly and transferred to a 40-ml Duran flask containing acidwashed glass beads (3 M Superbrite Beads, type 100) that equalled three times the wet weight of cells. Cold distilled water was added to make a 50% suspension of bacteria (wt/vol), and the mixture was shaken for five 1-min intervals at 2,000 rpm in a Braun model MSK mechanical homogenizer (Braun Co., Melsunger, Germany). The suspension was cooled with intermittent jets of CO2. The resulting slurry was brought to 100 ml with cold distilled water, and intact bacteria and glass beads were removed by centrifugation at 1,000 x g for 10 min. The cell wall preparation was purified by differential centrifugation after treatment with DNase (10 gg/ml, 37 C, 30 min), sodium dodecyl sulfate (1%, 37 C, 60 min), and trypsin (100 ,g/ml, 37 C, 2 h) by the method of Sutow and Welker (26) , washed with cold distilled water, lyophilized, and stored over P2O, in a vacuum desiccator.
Amino acid analysis of cell walls. Cell walls (10 mg) were placed in hydrolysis ampoules and suspended in 2 ml of 6 N HCl. The ampoules were sealed and heated to 105 C for 16 h. The contents of each ampoule were filtered through a sintered-glass filter, transferred to beakers with distilled water, and evaporated to dryness over NaOH in a vacuum desiccator.
The hydrolysates were dissolved in i.0 ml of 0.2 N sodium citrate buffer (pH 1.9, sample diluter), and 0.2-ml samples were subjected to chromatographic analysis on a Beckman/Spinco model 120 C amino acid analyzer. For the major amino acid components, the hydrolysates were diluted 10-fold in sample diluter before the application of' the 0.2-ml sample. On the 150-cm columns, the change from pH 3.28 to 4.25 buffer was made before the elution of valine. Under these conditions, diaminopimelic acid elutes between valine and methionine. Lysine and histidine were quantitated from the values obtained from the 15-cm column.
Lipid extraction. Lipids were extracted from whole cells (5 g wet wt) or from cell walls (2-5 mg) by homogenizing with chloroform-methanol (2: 1, vol/ vol) and stirring for 2 h at room temperature (5). The extract was filtered through a 30 C glass filter, layered with 0.04% CaCl2 (0.2 vol), and shaken vigorously. The layers were separated by centrifugation, and the aqueous layer was discarded. The extract was washed two more times with CaCl2, evaporated to dryness, and dissolved in diethyl ether.
Carbohydrate analysis. Cell walls (5 mg) were suspended in 1.0 ml of 4 N HCl and hydrolyzed for 4 h at 95 C in sealed ampoules. The hydrolysate was either adjusted to 2 ml with water for determination of inorganic phosphorus (3) or evaporated to dryness over P205 and dissolved in water (0.5 ml) for thinlayer chromatography (TLC). Teichoic and teichuronic acids were extracted from cell walls (10 mg) by the method of Shaw and Baddiley (21) , using 5% trichloroacetic acid. The white powder was suspended in 1.0 ml of' 4 N HCl, hydrolyzed for 4 h at 95 C, evaporated to dryness over NaOH pellets, and suspended in 0.2 ml of water.
TLC. Lipids were examined on silica gel plates (Eastman Chromatogram sheet, silica gel without fluorescent indicator, 6061) activated by heating for 45 min at 110 C. Neutral lipids were developed in petroleum ether-diethyl ether-acetic acid (90:10:1, vol/vol/vol) (25) . Phospholipids were developed in chloroform-methanol-acetic acid-water (25:15:4: 2, vol/vol/vol) (22) , and acidic phospholipids were developed in chloroform-methanol-acetic acid-water (80:13:8:0.3, vol/vol/vol/vol) (2) after the plate was prewashed with acetone-petroleum ether (1: 3, vol/ vol). Visualization was accomplished with iodine vapor. General-purpose TLC of carbohydrates was carried out on cellulose TLC sheets (precoated TLC sheets, cellulose without fluorescence indicator, on aluminum, layer thickness 0.10-mm, E. Merck AG, Darmstadt, Germany) developed in formic acidbutanone-tertbutanol-water (15:30: 40:15, vol/vol/ vol/vol) (30) and visualized with silver nitrate reagent by the method of Trevelyan et al. (29) . Uronic acids were examined on activated silica plates developed in n-butanol-acetic acid-water (50: 25: 25; vol/vol/vol) (10) and visualized with silver nitrate reagent.
RESULTS
Properties of mutant types. Genetic and physiological studies have shown that the production of proteolytic activity appears coincidentally with the onset of sporulation (20) . In B. (19) . The distribution of these three activities has been studied in certain earlyblocked sporulation mutants by Michel and Millet (18) . A qualitative examination of representatives of each group of pleiotropic-negative sporulation mutants for the production of protease has shown that the spoA group of mutations is the only group which appears to completely lack these activities. Quantitative analysis of these strains for proteolytic activity on casein has been carried out in the presence or absence of EDTA to distinguish the neutral from the alkaline activity (11) . The A second biochemical activity appearing coincidentally with the onset of sporulation is the production of antibiotics (20) . The Cell wall and membrane components. The isogenic strains JH642 (wild type) and JH646 (spoA) were subjected to a comparative analysis of structural components since the spoA mutants represent the most extreme class of pleiotropic negative phenotype. The major amino acids of the cell walls were glutamic acid, alanine, and diaminopimelic acid ( Table 4) . The mole ratios of the cell wall amino acids suggest that the basal structure of the cell wall is the same in the two strains. However, on a dry weight basis, there appears to be more basal structure in JH642. Analysis of the minor amino acid constituents of the cell walls (Table 5) indicates that there are quantitatively more non-cell wall amino acids in JH646 than in JH642. Arginine, proline, cysteine, methionine, tyrosine, and phenylalanine were not determined. The chemical composition of the cell walls of these two strains are not significantly different, and the values for JH642 are in good agreement with previously reported results (31) . Purified cell walls were hydrolyzed with lysozyme, and the digests were scanned for ultraviolet (UV)-absorbing material. For equal weight of walls, there is more UV-absorbing material in the walls of JH646. The optimal conditions for hydrolysis with lysozyme were similar for both strains. No qualitative differences were observed in the lipids extracted from whole cells or cell walls from the two strains. The phosphorous content was 0.014 ,umol per mg of cell wall for either strain. Qualitatively no differences were observed in the analysis of carbohydrates from the trichloroacetic acid-extracted teichoic acids. Uronic acids also appeared to be identical from the two strains. Thus, in terms of structural components, the strains appear quite similar.
Catabolite repression in the spoA12 strain. Since the induction of histidase was already known to be subject to catabolite repression in B. subtilis (2), we initially compared the level of this enzyme in JH22 (spoA12 trpC2) and 168 (trpC2). Minimal-plus-glucose medium was used to create repressive conditions. With equivalent levels of histidine present as inducer and with both organisms at the same growth phase, it was found that the specific activity of histidase in JH22 was consistently 5-to 10-fold higher than that in 168.
To more fully characterize the relaxation of catabolite repression in JH22, an induction experiment was performed. JH22 and 168 were suspended in minimal media containing either 0.5% glucose or 0.5% glutamate as carbon sources. When the optical density of the culture reached 0.2, the cells were induced for histidase by the addition of L-histidine. At 20-min intervals, samples were removed for assay of histidase activity. The histidase activity was expressed as a fraction of protein synthesis in the culture as a whole by plotting histidase activity against the optical density of the culture at the time of sampling. Chasin and Magasanik (2) have demonstrated that the rate of change in optical density of a culture is proportional to the rate of protein synthesis.
The induction experiment (Fig. 1 ) establishes a number of facts. Under conditions of derepression, i.e., during growth on glutamate, the differential rate of histidase synthesis is the same in both JH22 and 168. Thus in the absence of catabolite repression, the rate of enzyme synthesis is equal in the mutant and the wild type. Under repressive conditions, when glucose is the carbon source, however, the differential rate of histidase synthesis is 5-to 10-fold higher in JH22 than 168. Histidase synthesis in JH22 is still subject to a glucose effect, since the differential enzyme production rate is lower by approximately 90% when glucose, rather than glutamate is used as the carbon source. Histidase activity was determined at regular intervals for up to an hour following induction. Symbols: A, 168 in minimal plus 0.5% glucose; A, 168 in minimal plus 0.5% glutamate; 0, JH22 in minimal plus 0.5% glucose; 0, JH22 in minimal plus 0.5% glutamate.
These results suggest that the levels of the corepressor(s) of catabolite repression are higher in 168 than JH22 during growth on glucose. Mandelstam (17) has shown that starvation for a nitrogen source or required amino acid creates severe catabolite repression, probably by elevating the corepressor pool which is normally drained by the anabolic activities of the cell. By starving for nitrogen, the loss from the corepressor pool for protein synthesis is halted, elevating the pool level. In an attempt to create conditions more repressive than those existing with glucose as a carbon source, a lysine auxotroph containing the spoA12 mutation, JH75 (spoA12 lys-1), was subjected to starvation for its required amino acid. Figure 2 illustrates the results of starving JH75 for lysine at just the point when L-histidine is added to the medium to effect histidase synthesis. When starved for lysine, JH75 can achieve only a minimal differential rate of histidase synthesis, more characteristic of 168 (15) . The sporulation-specific characters which stop phage growth are unknown, but they appear in the late log phase of growth (16) . The production of extracellular proteases appears to be impaired in all of the mutant classes tested. Although the spoA mutant seems to be unable to excrete any proteolytic activity, the rest of the groups produce variable amounts of both the alkaline and neutral proteases. The spoA mutants, however, are capable of excreting normal amounts of amylase at the end of logarithmic growth (unpublished data). Furthermore, we have shown that a group of mutations, hpr, which dramatically increase the levels of both alkaline and neutral proteases are without effect on the levels of amylase (11) . Thus, it would appear that the impaired protease production by the pleiotropic mutations is more directly involved with the regulation of protease formation than with an alteration in the general mechanism for enzyme excretion.
It has been suggested that pleiotropic mutants may be "hyperrepressed for catabolite repression," which we interpret to mean that sporulation remains catabolite repressed even in the absence of catabolite repressing compounds (6 (28) , and further investigation is required to pinpoint the cause of these effects.
The quantitative differences in basal structure and minor amino acid components of the cell wall from the most pleiotropic mutant (spoA) and the wild type are probably not significant since the walls are equally susceptible to hydrolysis with lysozyme. No qualitative differences were observed in teichoic acid components, lipids, or uronic acids, indicating that these structural components are similar in the two strains.
Although none of the studies has uncovered the primary defects of these mutations, a surfeit of pleiotropic effects has been described. A concerted genetic and biochemical approach should lead to this goal.
